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SUMMARY

This paper is concerned with the mechawism of

Jatigue in crystals, and « bricf review of present
knowledge on this subject is given.  The fact that
results of reversed-bend tests on hithiwm flworide
single erystals at 2 ¢ pm are siniilar to those preciowsly
abtained at 1,800 cpm indheates that speed effects
do not play an tmportant role in determining the
behavior of Lithivm fluoride wnder reversed stressing.
Reversed-torsion tests yield additional evidence that
vacancy formation is not @ promary cause of jatigue
Jailure.  Lithtum fluoride is a material which does
not readily cross stip. The absence of Jutigue
Failures in both recersed bending and rerersed torsion
lends further support to the theory that eross «lip is
necessary in order 1o obtain usual fatigue beharior,
The results further  demonstrate  that dislocation
pileups do not lead to fatigue failwre in lithium
HAuoride.  The results also indicate that plastic
deformation in the course of reversed eyeling will
relar an initielly applied mean load.  Etch-pit
studies of Lithium fluoride yield visual evidence of the
growth of sliphands during cyeling.

INTRODUCTION
GENERAL REVIEW OF FATIGUE MECHANISMS

Ever since the phenomenon known as fatigue of
metals was recognized over a century ago, a search
has been underway for the basie mechanism in-
volved. Review of the research conducted during
this period reveals the substantial progress that has
been made and indicates that an understanding

ol the complex proeesses involved in fatigue is
close at hand.

According to Cazaud (vef. 1), the carliest work
on fatigue was done in 1829 by Albert who in-
vestigated the behavior of mine eable subjected
to repeated stressing. Later work by Fairbairn
and Wohler during the period from 1850 to 1860
brought out the concept of an endurance limit and
showed that the number of cyveles to failure de-
pended upon the stress level above the endurance
limit.

The first significant work pertaining to the
mechanism involved in fatigue was done by Iowing
and Humfrey (ref. 2) who found in 1903 that slip
occurred during the latigue process. The work of
Gough (rel. 3) and his coworkers during the 1920's
established the fuct that the slip svstems which
arc operative under eyelie loading are the same as
those which are operative under unidirecetional
loading.  Gough also found that the eracks which
Iead to final failure originate in the slipbands.

In 1939, Orowan (ref. 4) presented a theory of
fatigue which involved a process of cumulative
strain hardening whereby the local stress in eritical
regions could be inereased until fracture in the
region occurred.  Based on the information avail-
able at the time, the theory offered a reasonable
explanation of the observations. However, the
research work of the 1950’s has brought forth
additional information which is not in support of
the Orowan mechanism,

For example, Wood and Segall (rel. 5) found
that when copper specimens were subjected to

tThis puper s based in part upon o thesis entitled ““ An Investipation of the Mechanism of Fatigue in Crystals” submitted by Arthur J. MeEvily, Jr., in
partial fulfillment of the requirements for the degree of Doctor of Engineering Science, in the School of Engineering, Columbia University, May 1954,
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repeated eveles of constant plastiestrainamplitude,
the vield stress was not raised indefinitely, as
would be expeeted if the Orowan mechanism were
operatling, but instead leveled off at a value which
was a [unection of plastic strain. Ebner and
Backofen (ref. 6) obtained similar results for single
crystals of copper not only at room temperature
but also at 77° K.

Another objection to the Orowan theory is that
it does not emphasize the role of the surface in
faticue.  That the surface 1s indeed eritical is
evidenced by the beneficial effeets of lifetime
derived by intermittently interrupting a fatigue
test. to remove the surface layvers. A further
indication is the industrial practice of shot-peening
to inerease fatigue life.  In addition, none of the
methods of inspecting the interior of fatigue speci-
mens, such as sectioning (ref. 7), small-angle X-
ray seattering (vef. 8), and direet observation of
{ransparent ervstals (ref. 9), has ever resulted in
the detection of voids or eracks entirely beneath
the surface.

In view of these objections to the Orowan
theory, there existed a need for a new formulation
of a theory of fatigue which would take into
account the recent observations. The key to the
later theories was provided by Forsyth (ref. 10),
who in 1953 found that material was extruded
from the slipbands during the latigue process.  In
further work he found that the intrusions also
developed during the exvelie process. It was
postulated that these effeets would lead to the
formation of stress raisers on the surface which
would facilitate loeal fracture and growth of
fatigue cracks,

Sincee the initial observations were made on age-
hardening materials, it was thought that a process
of overaging, leading to soltening, was involved in
the extrusion-intrusion process.  However, addi-
tional work showed that the extrusion-intrusion
process also occurred in nonaging materials.  Of
particular importance in assessing the role of ther-
mal effects is the work of MeCummon and Rosen-
berg (ref. 11), who found that fatigue oecurred at
temperatures as low as 4.2° K, and thereby clari-
fied the theoretical picture by eliminating ther-
mally  activated processes such as  dislocation
clitnb, vacaney diffusion, and oxidation as neces-
sury to the fatigue proeess, although such processes
could play a modifving role at higher temperatures.

For eximple, Wilson and Forsyth (rel. 12) have
recently found evidence of a recovery process oper-
at ng dring the exvelie loading of pure aluminum,

With respeet to the influenee of temperature on
the basic mechanism, the work of Hull (ref. 13)
with copper erystals indieates that essentiully the
same processes are involved at room temperature
as are involved at 4.2° K. He examined the sur-
face structure of slipbands at 293°, 90°, 20°, and
4.2° K and found that the shape and size of ex-
trusions did not appear to be affeeted by the tem-
perature at which the speeimens were fatigued,

The extrusions and intrusions found by Hull
consisted of thin ribbons or ereviees about 0.054
thick. Their height or depth varied widely, but
the maximum value was about 1.5u. Since these
effeets were observed at 1 pereent of the estimated
life, Hull considered that the major portion of the
fatigue lifetitme was spent in the propagation of
fatigue cracks. However, McEvilv and Machlin
(ref. 14) have pointed out that for much of the
lifetime the growth is erystallographic in nature.
They consider that such crystallographic cracks
are siuply large intrusions which grow by the
same mechanism which caused their formation,
In this view there is no real distinetion between
ervstallographic erack initintion and growth sinee
both are manifestations of the same process. Only
in the final stages when nonervstallographic eracks
are formed does crack propagation by some loeal-
ized fracturing mechanism operate.

With respeet to the morphology of extrusions
and mtrusions, Forsvth (ref. 9), using silver ¢hlo-
ride, found that extrusions and intrusions usually
formed on the same plane and near together. Re-
cently, Wadsworth and Hutehings (rel. 15), using
copper, found that extrusions were more common
than infrusions, some of the extrusions apparently
having lormed in regions solated from other in-
trusions or extrusions.  Less often, extrusions and
intrusicns occurred alternately along the same
slipbanl.  Wadsworth and Hutehings also ob-
tained experimental evidenee that the slipbands
deseribed by Thompson, Wadsworth, and Louat
(ref. 16), which persisted after the surface lavers
of eveli ally loaded specimens were polished uway,
may have been shallow eracks which resulted from
the intrusion process.

Another lactor of importance in the formation
of extrusions and intrusions s the relationship of
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Experiments by

the slip veetor to the surface,
Wadsworth with ecadmium (see Discussion in rel
17) and by Ebner and Backofen with copper (rel.
6) have shown, for cases in which the slip direction
of the primary shp system was in the plane of the
surface, that the extrusion-intrusion process does
not oceur in that system but instead oeccurs in
some other system whose slip direction does not
lie in the plane of the surface.

The results of such tests indicate that the proe-
ess ol extrusion-intrusion formation is a fairly
widespread phenomenon which plays an impor-
tant role in the fatigue mechanism.  However, it
may not be the only process. For example, in
the fatigue of pure aluminum small exlindrical
cavities extending from the surface within slip-
bands have been observed. These cavities are
quite different in appearance from intrusions and
may indieate that a different mechanism is opera-
tive.  In addition, Wood (ref. 18) considers the
fatigue mechanism to be a function of stress level,
with extrusion-intrusion the unportant proeess at
low stress levels and something akin to the Oro-
wan mechanism ol cumulative strain hardening
operative at high stress levels.  Whether there are
two such mechanisms, or whether the extrusions
and intrusions formed at high stress levels are
merely diflicult to observe beeause of the super-
imposed effeets of large plastic deformation has
not vet been clearly established,

In recent vears {two dislocation models have been
developed to explain the formation of extrusions
and intrusions during cxvelie loading, one by
Cottrell and Hull (ref. 19) and the other by Mott
(ref. 20).  These models incorporate the prineipal
aspeets ol the recent experimental findings and are
considered to be tmportant in understanding the
fatigue mechanism,

In the Cottrell-Hull model, extrusion and in-
trusion formation is a cooperative process involv-
ing the sequential motion of edge disloeations on
interseeting slip planes,  The motion of the dis-
locutions is such that as material moves in along
one slip plane to form an intrusion, material
simultaneously moves out along another slip
plane to lorm an extrusion. In this model, there-
fore, no buildup of material or void formation
occurs within the specimen.

In the Mottt mechanism a serew dislocation
which interseets the surface traverses a closed

circuit. in the course of w fatigue cyele.  The
motion around such a circuit requires that cross
slip of the serew dislocation take place.  Depend-
ing upon the nature of the circuit, extrusions or
intrusions can be formed, but in the simplest
version of the model this would involve void for-
mation or a buildup of material within the spec-
men.  Later variations of the model (vef, 14)
overeame  this difficulty by linking  extrusion
formation to intrusion formation,

In order to determine the relative validity of
these two models, MceEvily and Machlin (vef. 14)
tested two groups of single cervstals,  All erystals
were oriented to satisfly the conditions of the
Cottrell-Hull mechanism, but one group of cryvstals
was  characterized by an ability to cross ship
casily whereas the second group was not.  The
results of the fatigue tests showed that in the
first. group extrusions and intrusions were found
and  fatigue failures occurred, whereas in the
second group no extrusions or intrusions were
found and fatigue failures did not oceur.  These
results, therefore, indicated that cross slip is an
important. requirement for a fatigue mechanisi,

AIMS OF PRESENT INVESTIGATION

The purpose of the present investigation 1s to
extend the work on the effects of evelie loading on
single erystals in which eross slip does not readily
oceur atud to study the behavior of dislocations in
greater detail. Single ervstals of lithium fluoride
(1iF) were chosen for this investigation largely
beeause the etehing  techniques developed by
Gilman and Johnston for this material (ref. 21)
provide a means for the direct observation of
dislocation behavior,

Another aim of the investigation is to study the
effects of rate of eveling and type of loading on
LiF specimens. The previously reported work had
been done only at 1,800 cpm in fully reversed
bending.

For the orientation and type of loading previ-
ously investigated it was found that the extrusion-
intrusion process did not operate in LiF, and
fatigue Tailures did not oceur at stress levels an
order of magnitude above the initial yield stress.
This behavior has been attributed to the inability
of the material to cross slip.  However, this lack
of ability to cross slip could serve to promote
crack formation at pileups of edge disloeations,
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sinee Joeal stress concentrations would not be
reliecved. It the previous work the slip planes
which operated were of a nature which did not
particularly favor the pileup of edge dislocations.
A final aim s, therefore, to determine whether
fatigue failures in suitably oriented and loaded
specimens could be stress-nueleated by the pileup
of edge dislocations at barriers.

SPECIMENS

The LiF crvstals used in this investigation were
obtained from the Harshaw Chemical Company
of Cleveland as blanks cleaved or sawed to the
desired  orientation.  Specimens were tested in
bending or torsion, and the configurations that
were found to be suitable; together with approxi-
mate dimensions of the ervstals, are shown in
figure 1. These shapes were seleceted beeause they
confined the region of interest to a small avea and
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(a) Bending fatigue specimen,
(b) Torsion fatigue speeimen.
Fravre 1.—=Specimen configurations.  All dimensions are
in inches,

minimized the possibility of failures ocenrring in
the grips.

It was Jound that hand grinding with metal-
lurgiea’ papers was the most satisfactory method
ol shaping the cerystals.  Final polishing prior to
annealing was done with cloths impregnated with
600 Alundum.  Speecimens were annealed at 1,200°
F for 3 hours, followed by a lurnace cool to room
temperature.  The specimens were checked in a
polarizing microscope and found to be stress free
after this anneal.  The crystals were then chem-
ically Holished in a solution of ammonium hy-
droxide and stored in a desiceator until tested.

TESTS
BENDING TESTS

In order to check on speed effects, bending tests
were run at 2 epm oand 1,800 epm. Those at 2
epm were constani-amplitude tests, whereas those
at 1,800 e¢pm were constant-load tests. Fully
reverse!! bending tests and reversed bending tests
about an applied initial load or deflection were
made in order to study the influence ol a mean
load or mean strain on the behavior of the erystals.

Specimens were tested as cantilever beams i a
cantilever bending faticue machine.  The 2-cpm
tests were made by utilizing the ealibrated spring
and dialsystem which are ordinarily used forapply-
ing mean loads.  Deflection of the free end ol the
cantile er was measured by using a 30-power
microscope.  Stroboscopice illumination wax used
in the . 800-cpm tests.

The Hrientation of the erystals is shown in figure
2(a) ard will be deseribed as (001) [100].  The
principal slip systems are also shown i this figure.
It shodd be remarked that two other highly
stressed potential slip svstems will e less likely
to operate than those shown in figure 2(a) becanse
the crystal dimension in the slip direction 1s much
larger n the lormer than i the latter (rel. 22,

TORSION TESTS

The orsion tests were undertaken to determine
whether edge disloeation pileups could lead to
crack formation in LilF, and also to observe the
behavier of dislocations by using an etehing tech-
nique.  The orientation of the crystals 15 shown
in figure 2(b) and will be deseribed as (001) [110].
The skp system for LilF is {170} <110>. Con-
sequen - ly, the slip direction lies in the face of the
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(a) Bending specimen.
(b) Torsion specimen.
Fiocure 2.—Orientations of Lil speeimens, with principal
slip planex and slip directions indicated.

erystal in these experiments, and the operative
slip systems are such that the edge dislocation
portions of the loops intersect at the surface.

In these torsion tests the point of maximum
shear stress falls in the surface at midwidth of the
speeimen, thereby eliminating edge effeets and
facilitating observation of the processes involved.
For the configuration shown, the maximum shear
Stress T,,; 18 given by

4T

Tmar™ 525

where T is torque, b is width of specimen, and ¢
is thickness of specinen.

Torsion testing was done in the same machine
as the bending experiments with an adapter to
convert to torsion loading. In general the speed
of testing was 1,800 epm, but where the number of
cycles between observations was small, the torque
was applied manually at about 2 epm. (In these

tests the stress level was inereased slightly after
every 107 eyeles, and the amplitude of twist was
measured at cach stress level.)

In the eteh-pit studies, the procedure followed
was to interrupt the test at intervals and to inspect
the specimen for eracks.  If none were found, the
specimen was removed from the testing machine
and etehed in Gilman and Johnston’s eteh “W”
(ferric fluoride in water, 1.5X107* molar) for
approximately T minute, and then rinsed in aleohol
and dried. The specimen was then photomicro-
graphed and retested for an additional number of
eveles, When eracks were found, photomicro-
eraphs were also taken prior to etehing,

RESULTS
BENDING TESTS

Fully reversed bending tests.—A typical ex-
ample of the results of fully reversed bending at 2
epm is shown in figure 3(a). It is seen that after
approximately 600 cyveles the stress has inereased
from 2,500 to 25,000 psi.  Bending-test results at
1,800 epm are shown in figure 3(b). TIractures
generally oceurred cither as a result of fretting in
the grips or else upon inerease of strain amplitude.
In only one case did fracture oceur during eyeling
and this case involved the largest strain amplitude,
0.085 mch. Failure of this specimen occurred
after only 17 eyceles. The general finding was
that nothing akin to the usual type of fatigue
failure occurred during these tests. Several of the
specimens were etehed (o bring out dislocation
patterns.  The slipbands revealed by this tech-
nique were similar in appearance to those which
will be deseribed in greater detail in connection
with the torsion tests.

Mean-load tests.—An example of the type of
result obtained for tests in which the initial strain
amplitude was not. symmetrical about the origin
is shown in figure 4. The most striking {inding is
that during the course of eyeling the mean load
is quickly eliminated.  Thereafter the test is
equivalent to a fully reversed bending test. The
relatively low value of the initial yield stress for
this material limits the amount of mean stress
which could be initially applied to aboutr 2,000
psi.  However, after the yield stress of a specimen
had been increased by cyeling, a mean load could
be sustained provided the peak stress in the eyele
did not exceed the level of the new yield stress.
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Tests at 1,800 epm vielded results similar to those
obtained at 2 ¢pm.

REYERSED TORSION TESTS

Unetched specimens.—The primary finding of
the reversed torsion eveling tests of polished but
unctehied specimens was that faticue failure did
not occeur even though the peak shear stresses
reached were of the order of 10,000 psi, as com-
pared with an initial vield shear stress of 1,000
psi.  Such failures as occurred were due to fretting
in the grips or else occurred immediately upon
inerease of the applied torque.  As in the reversed
bending tests, after some eveling a linear relation
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Amplitude of defiection, in.
Froure {.—FEffeet of reversed eyeles of constant strain
amplitude on the “mean’ stress in a LiF erystal,

was found to hold between the applied torque and
the amplitude of twist.

In ne case was evidence of extrusions or intru-
sions fo md. THowever, at the higher stress levels,
after some 107 eyeles had been applied a tenacious
white powder formed.  An example of this effect
is shown in figure 5(a), which was taken after the
speeimen hroke.  Figure 5(h) shows this same
region ufter immersion in distilled water, and it is
noted that the white powder, which, as is subse-
quently discussed, is believed to be lithium hy-
droxide has been removed and that some arcas of
the specimen appear to have been chemieally
attacke 1. Chemiecally polishing these specimens
after testing revealed a persistent substructure as
shown 11 figure 6.

Etched specimens.-—Specimens etehied to reveal
the presence of dislocations were tested at stress
levels 1ear 1,000 psi, for at higher stress levels
the dersity of dislocation eteh pits becomes so
high tlat interpretation is diflicult. A (ypical
example of the progressive growth of sliphands as
revealed by the etehi-pit teehmique is shown in
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L-60-6922

(1) White deposit near region of static fracture along a cubie cleavage plane.
(b) Same region as in (1) after immersion of speeimen in distilled water.

Ficure 5.---(100) surface of torsion specimen after 107 eveles at a shear stress

of 7,500 psi.

figures 7(a) to 7(j). As scen in figure 7(a), two
slip systems at rvight angles to cach other are
operative.  The slipbands themselves are seen to
be composed of closely spaced dislocation etch pits.
Because of the orientation of the torsion speci-
mens, the dislocations revealed by the pits are

592704—61——2

(500

edge dislocations.  Although the longitudinal and
transverse bands are of similar appearance after
10 cyeles, after 100 cyeles it is apparent that the
longitudinal bands have broadened to a greater
extent than have the transverse bands.

-

The specimen shown in figure 7 was subjected



of 4,000 psi.

to an initial shear stress of 1,000 psi. After
1,750,000 cycles it appeared that no further
changes were occurring and that cracks had not
formed. The number of longitudinal slipbands
was larger than after 10 eycles, although the
number of transverse slipbands was unchanged.
The shear stress was then inereased to 1,500 psi.
No cracks were detected after 100 eyeles at this
stress level; however, eracks were detected after
1,000 cyeles.  Figures 7(f) and 7(g) show the
cracked region, figure 7(f) being printed so as to
bring out the cracks and 7(g) so as to bring out
some markings which appeared.

Figure 7(h) shows the cracked region after
etehing, and it is seen that severe chemical attack
has occeurred. This type of attack had not oc-
curred prior to the appearance of the eracks.
Chemieal polishing brought out the cracks more
clearly, as shown in figure 7(1).  Further polishing
removed the cracks completely.  After the speei-
men was tested for an additional 10° eyeles and
then etched, additional slip lines at an angle of 45°

Transverse direction of specimen is parallcl to straight markings.
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L-60-6923

Fraure 6.—3Substructure developed beneath surface of specimen after 107 eyeles at a shear stress

(X 500

to the original slipbands were in evidence in the
cracked region, as shown in figure 7(j).

Featu-es of interest with respeet to the cracked
region are as follows:

1. The cracks are perpendicular to the bands
and awav from the main intersections, and appear
to have originated at the interface between the
slipped end unslipped material. In a given band,
the craciss are on the same side of the band, and
while most of the cracks are in the longitudinal
bands, a few are in the transverse bands.  These
effeets nay be seen best in figure 7(1), in which
the light areas correspond to slipbands.

2. Sur ultaneously with the appearance of eracks,
a change in the nature of the surlace took place;
in certain regions of the band eteh pits are not in
evidenee and “slip” markings at angles of 60° to
70° to the transverse direction have appeared as
indicated in figure 7(g).  Immersion in the etehing
solution resulted in a chemical attack of the
cracked region, not only in the bands but also in
the unslipped regions between the bands.
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(a) After 10 eyeles at a shear stress of 1,000 pxi.
(b) After 102 eveles at a shear stress of 1,000 psi.
Ficure 7.- -Development of slipbands during torsion.  Bands run in <110>> directions.
Transverse direction of ervstal is horizontal. (< 100)
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L-60-6927

() Name ax (f); printed to bring out 60° 1o 70° lines.  Typizal lines are indieated by the letier ¢

=

(h) Cracked region after immersion in ehing solntion.

Frovnre 7.- Continued
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(i) Cracked region after ehemical polishing.
(1) Appruarance of eracked region after removal of eracks by chemieal polishing and further eyeling,

F1aURE 7.
DISCUSSION OF RESULTS
BENDING

The rvesults of the reversed bending tests at
2 cpm indicate that the eveling speed has minor
ifluence on the behavior of TaF erystals, since
the results are not significantly different from
those previously obtaied at 1,800 cpm (ref. 14).

Concluded,

In both cases no fatigue failures oceurred, even
though there was such a marked degree of harden-
ing that the vield strength of the ervstal was raised
by an order of magnitude.  This increase in yvield
strength is definitely associated with the eyveling
process, for in unidirectional bending to failure
very little strain hardening occurs.

The specimens were examined after testing for
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indieations of extrusions or intrusions; however,
none were found.,  This was to be expected in
view of the inability of cryvstals with the sodium
chloride structure to eross slip i an casy manner,
since there are no two slip planes which have a
common shp direction.  The process of cross
slip not only requires that the two slip planes
involved have a common slip direction so that a
serew dislocation can move from one plane to the
other, but also requires that the resultant dislocea-
tion loops be free to expand in the cross-slip plane.
This means that the mobility of the edge compo-
nent of the expanding loop as well as the mobility
ol the serew component must be  considered.
Since the dislocations in 1onie erystals sueh as
Lilt are not extended, the motion of serew dis-
locations out of the {110} type slip planes is
expected.  In fact, Gilman and Johnston (ref. 21)
have obtained evidence for the motion of serew
dislocations onto {100} type planes. However,
Gilman (ref. 23) has also shown that glide on other
than {110} planes in LiF is a very difficult process
at room temperature.  This must be due to the
inability of edge dislocations to move on other
than {110} planes,

The fact that serew disloeations are relatively
free to move on other than {110} planes while
edge disloeations are not is thought to account
for the type of broadening of slipbands encountered
in the reversed bending and reversed
experinents,

torsion
FFor example, consider the situation
shown in figure 8, where serew components move
along a (110) plane in an LiF type of erystal until
they encounter an obstacle,  They then can move
onto some other plane, aided in this crossing by
the piling up of disloeations at the obstacle,  How-
ever, the resistance of the edge component to
motion on the new plane is such that the serew
compotient returns to a (110) plane parallel to
the initial plane as soon as the initial obstruction
s bypassed. Ship on plane s
quickly halted by the pileup of edge dislocations
in this plane.  The ends of the edge component
act as Frank-Read sources, generating additional
dislocations i the (110) planes.
ber of point-defeet clusters treated during exvelhe
londing (ref. 24) may serve as barriers and lead
to rapid broadening of the slipbands, until in the
case of LiF at higher stress levels the entire surfaec
is covered with fine slip lines.

the  cross-slip

The large num-

There is no ecir-
culatory motion of screw disloeations in such a

B
0 A
o
[ ] (o)
(OO” B
HO)
{a) A
B
o) A
&=
[1io] 010)
(OOI) B
(110}
(b) A
o]
\
{no) {110)
00! B
(110)
(c) A

(2} Dizlocation loops blocked at A A by barrier.
(b) Dixlo ation loops cross slip on (001) where edge com-
ponents are relatively immobile.

(¢) Leading disloeation moves back on (110) plane.  Pin-
niag point at 0’ acts ax Frank-Read source.
Frovae 8 -Model of slipband broadening in Lil.
materia , and henee extrusions or intrusions of the
tyvpe deseribed by Mott are not expected. How-
ever, in other materials in which edge dislocations
are mobile on the cross=slip plane the Mott

mechmmsm would be expected to operate,
The tests to determine the influence of a mean
load arc of interest in that they show that plastie
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deformation will tend to eliminate the mean load,
thus converting such tests to fully reversed stress
tests.  Since plastic deformation at eritical sites
18 considered to be required for fatigue failure,
there will be a reduction of mean stress in such
critical sites.  This reduction of mean stress may
be the explanation for the fact that the endurance
limit depends more upon range ol stress than upon
the nominal peak stress in the eyele,

TORSION

Unetched crystals.—The fact that fatigue fail-
ures did not occur in unetched specimens indi-
cates that dislocation pileups do not lead to erack
formation during eyelie loading of LiF specimens.
(The etch-pit studies indicate that pileups do oe-
cur.) In these tests the slip veetor was in the
plane of the surface, but this is not considered
to be responsible for the lack of fatigue failures,
for in reversed bending tests the slip vecetor was
out of the plane of the surface, but even in these

tests fatigue failures did not occur. 1t is consid-
ered that normal fatigue failure requires that the
slip vector be out of the plane of the surface, but
in addition cross slip must oceur.

Etched crystals.—The fact that cracking was
observed only in the etehed erystals indieates that
cracking was facilitated by the action of the eteh
pits as stress ratsers. The location of eracks trans-
verse to the slipbands at the interface between
slipped and unslipped material is contrary to
expectations based on usual fatigue behavior. In
the usual ease, the cracks develop within and par-
allel 1o the bands. On the basis of the theory
concerning  the pileup of dislocations  (refs. 25
and 26), it might be expeeted that eracks should
initiate at the intersection of the slipbands be-
cause, as shown in figure 9, the bands themselves
are barriers to slip.  (Fig. 9, which shows a region
of low stress in a specimen tested at 4,000 psi,
also indicates that at higher stress levels the entire
surface 18 covered by fine slip traces.) The fact

L-60-6929

Ficrre 9.—-An illustration of the barrier to disloeation motion provided by inferseeting

slip systems,

(> 100)
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that cracks form away from the main intersee-
tions may indicate that some other mechanism
of crack formation operated in this case.

A possibility is that eracks were initiated by the
superposition of tensile stress fields of passing edge
dislocations of opposite sign which were foreed
past each other by the inerease in the stress from
1,000 to 1,500 psi. However, if this were the
ase, the resultant eracks should be parallel rather
than perpeudicular to the bands.

Another possibility is that in certain regions of
the bands there is an excess of edge dislocations
of one sign.  Such an excess would result in o
curvature of the bands, if they were free to deform.
However, the surrounding unslipped  material
would prevent the bands from taking on this
curvature, and this restraint would set up a
bending stress within the band, which would act
in the longitudinal diveetion of the band and would
be a maximum at the intertace between the band
At the

lower stress level (1,000 psi), this stress coupled

and the restraining unslipped material.

with the stress-raising effect of the eteh pits
themselves was not sufficlent 1o cause fracture,
but upon inerease of stress to 1,500 psi, the density
of dislocations may have been increased with a
resultant imerease of bending stress suflicient to
initinte cracks of the type observed in o these
experiments.

Although it is true that there should be no
excess of dislocations of one sign when averaged
over the bands, it is possible that in localized
regions on either side of a source, such an excess
could develop.  Indeed, work by Nve (ref. 27)
with silver ehloride indicated that an excess of
dislocations of one sign was present within the
bauds.  Recently Kear and Pratt (ref. 28) de-
scribed a procedure which made use of the color
changes which occurred in stressed jonie crystals
when viewed under polarized light to identify the
sign of the disloeations.  Application of this tech-
nique to the study of slipbunds developed during
fatigue should prove worthwhile in determining
the character of the disloeations.

Another possible explanation of the cause of
erack formation is that dislocations moving along
the observed new bands which muake approxi-
mately 65° angles with the transverse direction
arc piled up at the old bands.  This pileup would
set up a high tensile stress which, when coupled

with the already present bending stress within the
bands and the stress-raising effect of the pits,
could bring about the observed cracking at the
edge of the original bands.  Inspection of figure
7(z) reveals that many of the eracks are loeated at
the poitt of interseetion of the old bands with the
65° lines.  In addition, the whitish regions in the
slipbands, as; for example, the region located at
the left center of figure 7(g), also seem to run in a
655° divection.  As will be discussed i more detail
stubsequently, these white regions may represent
excess ithium atoms corvesponding to lithium
vacancies ereated where the new slip system inter-
seets the old, the new system having been activated
upon increase of stress. Of the foregoing possi-
bilities, it appears that this explanation is most
consistent with the observations.

In addition 1o the development of eracks, the
chemical nature of the surface of the etehed
specitens appeared to have been altered.  Similar
changes were also found in the abzenee of Tatigue
eracks on the surface of the unetehed specimens
both in torsion and in bending.  Such specimens
were chemically attacked by distilled water, the
ferrie ‘luoride  etehing  solution, and  aleohol.
Since no such attack was ever found with un-
stressed erystals, or with unidirectionally stressed
crystals it must have been associated with changes
which ceeurred during eyeling.  Inasmueh as the
solubility of hithium fluoride in water is very low,
and lithium is soluble and has a white color, the
white c¢eposit has been tentatively identified as
lithium or, more probably, lithium hydroxide,
which might explain the altered appearance ol the
bands in figure 7(0) as due to the combination
of lithitm with environmental moisture to form
lithium hydroxide. If the deposit is indeed
lithium hydroxide, then the production of excess
lithium at the surface must involve the simulta-
neous production of lithium vacancies or fluorine
interstitials.  On the basis of the work of Lehovee
(ref. 297 and of Pratt (ref. 30), the energy required
to form a lithium vacancy is less than that re-
quired to form u {fluorine interstitial; hence
saeancy formation would be more likely to oceur.
The exoerimental work on unetehed specimens
indicates that large numbers of vacancies were
formed without the formation of fatigue cracks,
and this finding provides a further basis for
rejection of the speculation that vacancies are
responsible for rapid futigue failure.
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In the tests involving etehed specimens, the
greater hroadening of the longitadinal bands can
be attributed to the greater dimension ol the
longitudinal direction in comparison with that
ol the transverse direction.  As discussed in the
previous section, slipband  broadening is con-
sidered to require cross slip where slip in the
primary svstem is blocked by an obstacle.  In
crvstals of LilY, however, this eross slip is ol a
very limited nature beenuse ol the mmobility
of the edge component of an expanding dislocation
loop in the cross-slip plane.  If the number of
obstacles to primmary slip s proportional to the
length mmvolved, then it is reasonable to expect
the greater broadening of the longitudinal bands.
This explanation would not apply, however, to
the observation that the number of longitudinal
eereased, number  of

bands  also whereus the

transverse bands did not.
CONCLUDING REMARKS

Iy reversed bending and reversed torsion tests
on a number of single erystals of lithium fluoride
the principal findings were as follows:

With reversed stress in bending:

1. There was no significant difference between
the behavior of speeimens tested at 2 epm and
1,800 ¢pm.,

2. The strength ol the LiF ervstals was increased
by an order of magnitude as a result of ¢veling,
atd no Matigue failures were obtained.

3. Plastie deformation durine the course of
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eyeling tends to eliminate any mean loads which
may have been initially imposed.
With reversed stress in torsion:

1. In polished but unetched Lil specimens no
fatigue Tailures occurred and no extrusions or
intrusions were found.

were found only in
that contained disloeation eteh pits.

3. The amplitude ol deformation was directly
proportional to the amplitude ol applied torque
up to the maximum stress applied.

2. Cracks those crystals

4. The maximum stress applied was an order
ol magnitude higher than the statie vield stress
ol the virgin erystal,

5. Evidence of vacaney formation wuas found,
but the presence of vacancies did not
crack formation.

It is concluded that:

1. The present furnish  additional
evidenee that easy cross slip is required lor fatigue
failure to occur in its normal fashion.

2. A variation in speed of eveling over the range
from 2 ¢pm o 1,800 e¢pm has no significant effect
on the behavior of LilF,

3. Vacancy formation did not lead to fatigue
failurve in these experiments,

4. Plastic deformation serves to eliminate mean
loads.

5. Dislocation pileups did not lead to the
formation ol fatigue eracks in these experiments.

result In

results

Lascuey Researcn CeENTER,
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
Lanarey Fienn, Va., Seplember 20, 1960,
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